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the chronic exposure to the different scenarios had lim-
ited influence on the survival and growth of the larvae (in 
the low acidification condition only) and had no apparent 
effect on the digestive developmental processes. The high 
acidification condition induced both faster mineraliza-
tion and reduction in skeletal deformities. Global (micro-
array) and targeted (qPCR) analysis of transcript levels in 
whole larvae did not reveal any significant changes in gene 
expression across tested acidification conditions. Over-
all, this study suggests that contemporary sea bass larvae 
are already capable of coping with projected acidification 
conditions without having to mobilize specific defense 
mechanisms.
Introduction
Over the last two centuries, the intensification of human 
activities has led to a rise in the atmospheric concentra-
tion of carbon dioxide. Nowadays, this concentration 
is in excess of 400 ppm, a level which has never been 
reached in the past 800,000 years (Lüthi et al. 2008). At 
the current rate of emissions, atmospheric  CO2 concen-
tration is projected to reach between 750 and 1000 ppm 
by the end of the twenty-first century (Intergovernmental 
Panel on Climate Change 2014). More severe scenarios 
even project an increase up to 1500 ppm (Caldeira and 
Wickett 2005). Atmospheric  CO2 is absorbed by the 
oceans where it reacts to form carbonic acid  (H2CO3) 
which then dissociates into bicarbonate  (HCO3−) and 
hydrogen  (H+) ions. The increase in  H+ concentra-
tion reduces the ocean pH, which represents the widely 
recognized phenomenon called “ocean acidification.” 
Ocean surface pH has been reduced by 0.1 pH unit (U) 
during the last century and an additional drop of 0.3–0.5 
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U is expected by the end of the present century (Caldeira 
and Wickett 2005; Intergovernmental Panel on Climate 
Change 2014).
It is generally accepted that predicted conditions of 
ocean acidification, along with the decline of marine car-
bonate ion saturation states, will have deleterious effects 
on calcifying organisms such as corals, coralline algae, 
molluscs, and echinoderms (reviewed in Orr et al. 2005; 
Melzner et al. 2009; Kroeker et al. 2010). Surprisingly, 
little is known about the capacity of internally calcifying 
marine organisms, and especially fish, to respond to ocean 
acidification. The mechanistic bases of acid–base regula-
tion are relatively well described in fish, and they are rec-
ognized to be particularly efficient to respond to hypercap-
nic conditions (reviewed in Pörtner et al. 2004; Ishimatsu 
et al. 2008; Heuer and Grosell 2014). However, a review 
of the literature shows that most of the available reports 
describe short-term responses to hypercapnia (hours to 
few days) and mostly in adult and juvenile fish. Studies on 
long-term exposure to projected ocean acidification levels 
and on fish in early life stages are relatively rare.
Fish embryonic and larval stages are considered sensi-
tive to environmental factors and particularly to ambi-
ent pH (Baumann et al. 2012; Forsgren et al. 2013; Tseng 
et al. 2013; Frommel et al. 2014). During these life stages, 
organs and important physiological functions progressively 
become operational (reviewed in Zambonino-Infante and 
Cahu 2001; Ishimatsu et al. 2008). These include, among 
others: the gut (reviewed in Zambonino-Infante and Cahu 
2001); the gill (Varsamos et al. 2002); the skin (Padros 
et al. 2011); and the urinary system (Nebel et al. 2005). 
All of these functions are involved in acid–base regulation 
(reviewed in Varsamos et al. 2005). A perturbation of the 
development of the different organs and functions during 
that period is liable to have long-lasting effects on animal 
performance and fitness (Boglione et al. 2013; Vander-
plancke et al. 2015) and, therefore, influence population 
resilience (reviewed in Houde 2008).
Previous studies have reported that larvae functional 
skeletal and gut developments can be influenced by envi-
ronmental conditions including the presence of pollutants, 
reduced water oxygen level (hypoxia), and inappropriate 
nutrition or temperature (Boglione et al. 2013; Vander-
plancke et al. 2015). Regarding water acidification, recent 
studies have highlighted an effect on a wide range of larval 
physiological (acid–base regulation, metabolism, tissue and 
growth damages) and behavioral (sensory and predator–
prey interaction) processes (Melzner et al. 2009; Forsgren 
et al. 2013; Frommel et al. 2014; Pimentel et al. 2014). 
However, research on the influence of ocean acidification 
on the functional development of fish larvae is still scarce. 
The few studies that explored these effects revealed no 
influence on skeletal development and only limited effect 
on gut maturation (Munday et al. 2011a; Pimentel et al. 
2015).
A molecular holistic and integrative view of the physi-
ological processes involved in fish response to water acidi-
fication is also crucially lacking. So far, studies looking 
the effect of ocean acidification on fish mainly focused 
on specific regulatory processes, while a multifunctional 
approach would be desirable to highlight possible func-
tional trade-off. Few studies have implemented global 
approaches, without a priori hypotheses, to investigate the 
mechanisms underlying fish response (Maneja et al. 2014; 
Schunter et al. 2016) and these essentially focussed on the 
proteomic level or on tissue-specific response.
In the present study, the larval response to ocean acidi-
fication was thus investigated in a temperate fish species, 
the European sea bass (Dicentrarchus labrax), by assess-
ing larvae performance across multiple levels of biological 
organization. More specifically, the objectives were (1) to 
document the survival and growth of the larvae as proxies 
of whole organism response to expected acidification con-
ditions; (2) to evaluate the structural development of the 
larvae by investigating skeleton ossification; (3) to exam-
ine their physiological development through analyzing the 
maturation of their digestive functions; and (4) to exam-
ine the molecular mechanisms underlying larval response 
by combining global (microarray analysis) and targeted 
(qPCR) approaches.
Materials and methods
Animals and experimental conditions
Fish breeding was performed at a local commercial fish 
farm (Aquastream, Lorient, France) in October 2013. 
Breeders, derived from a population domesticated for five 
generations, were used in a factorial breeding design (three 
blocks of four dams crossed reciprocally to five to seven 
sires, i.e., 20 to 28 crosses by block) to produce 76 fami-
lies. The fertilized eggs were all mixed and reared under 
similar conditions (pH about 7.9 ± 0.1) until two days-
post-hatching (dph). The larvae were then transferred to 
Ifremer rearing facility in Brest (France) and randomly 
distributed among three experimental conditions. These 
conditions were established on the basis of the projected 
partial pressure of  CO2 (PCO2) scenarios for 2100 (Inter-
governmental Panel on Climate Change 2014), i.e., con-
trol (labeled C); present condition, (PCO2 = 590 µatm, pH 
total = 7.9); low acidification (LA; intermediate IPCC sce-
nario, PCO2 = 980 µatm, pH total = 7.7); and high acidifi-
cation (HA; the most severe IPCC scenario, PCO2 = 1520 
µatm, pH total = 7.5). In each condition, three replicate 
38-L flow-through tanks were used, with approximately 
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2200 larvae per tank (n = 6600 larvae for each experimen-
tal condition). Water temperature was maintained at 19 °C, 
oxygen concentration above 90%, salinity at 34‰ and the 
photoperiod was set at 24D during the first week and then 
at 16L:8D. Larvae were fed ad libitum via a continuous 
delivery of Artemia until 28 dph and then by a continuous 
automated supply of commercial dry pellets (Néo-start, Le 
Gouessant Aquaculture, France) until 45 dph.
Tanks were supplied through-flowing seawater pumped at 
500 m from the coast line and from a depth of 20 m. The 
water was then filtered through a sand filter and passed suc-
cessively through a tungsten heater, a degassing column 
packed with plastic rings, a 2-µm filter membrane, and a UV 
lamp. These steps guaranteed high-quality seawater. Each set 
of triplicate tanks was equipped with a header tank (100 L) 
which was used to control the pH of the water. Each header 
tank was equipped with an automatic injection system con-
nected to a pH electrode (pH Control, JBL, Germany) which 
injected either air (control) or  CO2 (treatments). A daily 
measurement of water temperature and pHNBS in the fish 
tanks was taken with a handheld pH meter (330i, WTW, 
Germany) calibrated weekly with fresh buffers (Merk, Ger-
many). Measured values never differed by more than 2% 
from the target values. In addition, at the beginning and at the 
end of the larvae rearing phase, the total pH was determined 
following Dickson et al. (2007) using m-cresol purple as the 
indicator. Total alkalinity (TA) in each experimental condi-
tion was also measured at the beginning and at the end of the 
larvae rearing, by titration (LABOCEA, France). Phosphate 
and silicate concentrations were determined by segmented 
flow analysis following Aminot et al. (2009). PCO2 was cal-
culated using  CO2SYS software (Lewis and Wallace 1998) 
and constants from Mehrbach et al. (1973). Water chemistry 
is summarized in Table 1.
Sampling
Starting at 15 dph, 10 larvae per tanks (n = 30 larvae per 
experimental condition) were sampled weekly, anaesthe-
tized with phenoxyethanol (200 ppm), and their body wet 
mass (to the nearest 0.01 mg) was measured. After 28 dph, 
their fork length (± 0.01 mm) was also measured. At 45 
dph, a total of 120 larvae per tank were sampled. Thirty 
of these larvae were used to measure body mass and fork 
length. Twenty larvae per tank were anaesthetized with 
phenoxyethanol and placed in 5% formalin for later ossi-
fication and skeletal malformation analysis. Three pools of 
20 larvae per tank were anaesthetized with phenoxyetha-
nol (200 ppm), rapidly frozen in liquid nitrogen and stored 
at −80 °C until enzymatic analysis. Finally, 10 larvae per 
tank were anaesthetized with phenoxyethanol and stored in 
RNA later until transcriptomic analysis. The total number 
of larvae remaining in each tank at 45 dph was also counted 
and the relative survival determined.
Skeletal analysis
The formalin fixed larvae were bleached with KOH and 
peroxide treatment and then double stained with alcian blue 
for cartilaginous structures and alizarin red S for ossified 
structures (Darias et al. 2010a). Larvae from the different 
experimental conditions were stained in the same batch to 
reduce variability, and they were stored in 100% glycerol. 
Stained larvae were placed on Petri dishes and scanned 
(Epson Perfection 4990 Photo, Epson America, Long 
Beach, CA, USA) to create a digital image with a resolution 
of 3200 dpi. Image analysis of the ossified larval surface 
was carried out as described in Darias et al. (2010a). A cal-
cification index representing the degree of bone mineraliza-
tion was then calculated for each larva as a ratio of mineral-
ized bones to cartilage components. The study of skeletal 
malformation focused on macroscopically evident skeletal 
deformities and on internal deformities of moderate sever-
ity. The examination of the malformations was carried out 
randomly by experienced examiners using coded images. 
The macroscopically evident deformities encompassed 
externally visible deformities (i.e., deformities of the ver-
tebral column such as lordosis, scoliosis or kyphosis and 
of the mouth such as prominent or retracted lower jaw) in 
addition to the incidence of vertebral compression or fusion 
Table 1  Water chemistry of the experimental conditions
T °C represents the water temperature, TA the total alkalinity,  PO43− the phosphate concentration,  SiO4 the silicate concentrations, and PCO2 the 
projected partial pressure of  CO2
Mean ± SEM; n is the number of samples
Conditions Salinity (‰), 
n = 2
T °C, n = 42 pHNBS, n = 42 pH total, 
n = 2
TA 
(µmol L−1), 
n = 2
PO43− 
(µmol L−1), 
n = 2
SiO4 
(µmol L−1), 
n = 2
PCO2 (µatm), 
n = 2
Control 33.8 ± 0.2 19.2 ± 0.3 7.96 ± 0.01 7.89 ± 0.01 2294 ± 3 0.57 ± 0.01 8.94 ± 0.06 589 ± 10
LA 7.7 33.8 ± 0.2 19.2 ± 0.3 7.79 ± 0.01 7.71 ± 0.05 2298 ± 1 0.57 ± 0.01 8.94 ± 0.06 978 ± 41
HA 7.5 33.8 ± 0.2 19.2 ± 0.3 7.59 ± 0.01 7.54 ± 0.03 2306 ± 9 0.57 ± 0.01 8.94 ± 0.06 1521 ± 97
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with no apparent body distortion. Internal deformities of 
moderate severity encompassed jaw deformities (such as 
the abnormal convergence of the two dentaries in lower 
jaw, and abnormal anatomy of upper jaw), fin deformities 
(abnormal anatomy of the fin supporting elements), and 
occurrence of urinary calculi.
Enzymatic analysis
Larvae were dissected as described in Cahu and Zam-
bonino-Infante (1994) to separate pancreatic and stomach 
segments from the intestinal segment. The dissected seg-
ments were homogenized in five volumes of cold distilled 
water. Trypsin and amylase were assayed according to 
Holm et al. (1988) and Métais and Bieth (1968), respec-
tively. Brush border membranes were purified from the 
intestinal segment homogenate according to a method 
developed by Crane et al. (1979) and modified by Zam-
bonino-Infante et al. (1997). The cytosolic enzyme, leu-
cine–alanine peptidase, was assayed using the method of 
Nicholson and Kim (1975). Enzymes of the brush border 
membranes, alkaline phosphatase and aminopeptidase N 
were assayed according to Bessey et al. (1946) and Maroux 
et al. (1973), respectively. Protein concentration was deter-
mined according to Bradford (1976). Enzymatic analyses 
were performed according the recommendations of the 
authors’ methods with blanks. Only endpoint techniques 
(amylase and leucine–alanine peptidase) used calibration 
curves. Other enzyme determinations were based on kinetic 
measures.
Pancreatic enzymes activity (trypsin and amylase) was 
expressed as a ratio of activity in the intestinal segment to 
that in both the pancreatic and intestinal segments. Activ-
ity of intestinal enzymes was expressed as a ratio of alka-
line phosphatase to leucine–aminopeptidase activity in the 
brush border membranes to the activity of the cytosolic 
enzyme leucine–alanine peptidase.
Transcriptomic analysis
Larvae were homogenized individually, and total RNA was 
extracted as previously described (Vanderplancke et al. 
2015).
Microarray analysis: Transcription profiles of five 
samples per tanks (i.e., 15 samples per experimental con-
dition, 45 samples in total) were performed using 44 K 
whole sea bass genome microarrays (Agilent) that con-
tained 38,130 probes, providing high coverage of sea bass 
transcripts. Double-stranded cDNA was synthesized from 
500 ng of total RNA using the Quick Amp Labeling kit, 
One color (Agilent). Labeling with cyanine 3-CTP, frag-
mentation of cRNA, hybridization, and washing were 
performed according to the manufacturer’s instructions 
(Agilent) at the Laboratoire de Génétique Moléculaire et 
d’Histocompatibilité (Brest, France). The microarrays were 
then scanned and the data extracted with the Agilent Fea-
ture Extraction Software.
qPCR analysis: Total RNA of the 30 samples per con-
dition was reverse-transcribed into cDNA using iScript™ 
cDNA Synthesis kit (Bio-Rad Laboratories, Hercules, CA, 
USA). Quantitative real-time polymerase chain reaction 
(qPCR) was used to specifically analyze seven candidate 
genes: osteocalcin, which are implied in osteoblast differ-
entiation and mineralization (Lein and Stein 1995); car-
bonic anhydrase 2 (CA2) and carbonic anhydrase 4 (CA4), 
which contribute to  CO2 hydration;  NA+/H+ exchanger 1 
(Slc9a1),  NA+/H+ exchanger 3 (Slc9a3),  NA+/HCO3− co-
transporter (Slc4a4), and  HCO3− transporters (Slc4a1), 
which are involved in dynamic adjustments of acid–base 
balance (reviewed in Heuer and Grosell 2014). The design 
of specific primers for each gene was performed using 
Primer3Plus software based on cDNA sequences avail-
able in public databases NCBI (https://www.ncbi.nlm.nih.
gov) or SIGENAE (http://www.sigenae.org/) (Table 2). The 
qPCR for each gene was performed using iQ™  SYBR® 
Green Supermix (Bio-Rad Laboratories, Hercule, USA) as 
previously described (Vanderplancke et al. 2015). Glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) gene was 
chosen as the housekeeping gene as it showed minimal 
variance in its transcript level, both within and between 
conditions.
Statistical analysis
Data normality and homogeneity of all variances were 
tested with Kolmogorov–Smirnov and Brown–Forsythe 
tests, respectively. The macroscopically evident deformi-
ties index had to be rank transformed to obtain normal-
ity (Quinn and Keough 2002). Body mass and fork length 
were then analyzed using mixed model:
where yijk is the phenotypic observation, μ is the sample 
mean, ASi is the effect of the ith age stage, and ACj is the 
effect of the jth acidification condition, which were all 
fitted as fixed effects as well as their interactions; Tjk is 
the effect of the kth tank nested in jth acidification con-
dition fitted as a random effect, and eijk is the random 
residual effect. The percentage of larvae survival at 45 
dph was analyzed using one-way ANOVA with the acidi-
fication condition as factor. The calcification ratio was 
analyzed using ANCOVAs with the acidification condi-
tion fitted as a fixed effect, the tank effect nested in the 
acidification condition fitted as a random effect, and the 
fork length as the co-variable. Other variables (i.e., per-
centage of deformities, enzymatic capacities, enzymatic 
yijk = µ+ ASi + ACj + (AS× AC)ij + Tjk + eijk,
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ratios and genes expression profiles) were analyzed 
using the mixed model with the acidification condition 
fitted as a fixed effect and the tank effect nested in the 
acidification condition fitted as a random effect. The a 
posteriori Tukey’s honest significant difference (HSD) 
tests were used for mean comparisons when possible 
or replaced by Games and Howell tests when variances 
were not homogenous. Analyses were carried out using 
Statistica version 7.0 for windows (StatSoft, USA). The 
microarray expression data were analyzed at the BIOSIT 
Health Genomic core facility (Rennes, France). Data 
were normalized using Agilent Genespring GX soft-
ware, and statistical analysis was performed with Fac-
toMineR and nlme R packages using mixed model with 
the acidification condition as a fixed effect and the tank 
as a random effect. The P values were then corrected for 
multiple testing using Benjamini–Hochberg threshold. A 
significance level of α = 0.05 was used in all statistical 
tests.
Results
Survival and growth
Larval survival rate was in excess of 50%. However, signif-
icant differences were observed among experimental condi-
tions, with fish reared under low acidification (LA) exhibit-
ing a survival rate of 21.5 ± 5.5% higher than those reared 
in the two other conditions (Table 3).
Experimental conditions significantly influenced lar-
val growth, and a significant interaction with time was 
found [ANOVA, F(8,614) = 3.37, P < 0.001; Table 2]. 
Growth performance (mass and length) was similar 
among conditions until 35 dph (Table 3). From that time, 
fish from the LA group were significantly 6.7 ± 0.8% 
shorter than fish reared in the two other conditions. 
At 45 dph, fish from LA also displayed significantly 
17.7 ± 4.0% lower mass than fish reared in the two other 
conditions (Table 3).
Skeletal development
A significant impact of the experimental conditions 
on the calcification ratio was observed [ANCOVA, 
F(2,177) = 10.97, P < 0.001]. At 45 dph, this ratio was sig-
nificantly higher in the larvae from the HA condition (7.6) 
than in the two other conditions, indicating that HA larvae 
had more mineralized bones than larvae from the other 
conditions (Figs. 1, 2).
The frequency of macroscopically evident deformi-
ties was also significantly influenced by the experimental 
conditions [ANOVA, F(2,51) = 30.54, P < 0.001]. Larvae 
from HA had significantly lower occurrence of macroscop-
ically evident deformities (lordosis, prominent or retracted 
lower jaw, compressed or fused vertebrae) than larvae from 
the other two experimental conditions (Fig. 3). Experimen-
tal conditions also had a significant effect on the occur-
rence of abnormal convergence of the two dentaries in the 
lower jaw [ANOVA, F(2,9) = 5.82, P = 0.04], with the HA 
larvae displaying significantly lower occurrence (Table 4). 
On the other hand, experimental conditions did not influ-
ence the frequency of upper jaw, anterior dorsal fin, poste-
rior dorsal fin, anal fin, and caudal fin deformities, neither 
Table 2  Oligonucleotide primers used for quantitative PCR. § refers to NCBI database (https://www.ncbi.nlm.nih.gov) and $ to SIGENAE data-
base (http://www.sigenae.org/)
Gene name Abbreviation Accession number Species Forward (F) and reverse (R) primers sequences 
(5′–3′)
Osteocalcin BGLAP AY663813 (§) Dicentrarchus labrax F: ATGGACACGCAGGGAATCATTG
R: TGAGCCATGTGTGGTTTGGCTT
Carbonic anhydrase 2 CA2 FK944087.p.dl.5 ($) Dicentrarchus labrax F: CTGATACATGGGGAGCCGAT
R: AAAGAGGAGTCGTACTGGGC
Carbonic anhydrase 4 CA4 CX660749.p.dl.5 ($) Dicentrarchus labrax F: ACCTTTCAGAACTACGGCGA
R: TGGAACTGCAGGCTGTCATA
NA+/H+ exchanger 1 Slc9a1 EU180587 (§) Dicentrarchus labrax F: GGATGCTGGCTACTTTCTGC
R: GGATTGCCTGGCTGAATCTG
NA+/H+ exchanger 3 Slc9a3 CX660524.p.dl.5 ($) Dicentrarchus labrax F: CCTCTAACGGCCTCATACCA
R: CCTGACATCATGGCTGACAC
NA+/HCO3− co-transporter Slc4a4 FM001880.p.dl.5 ($) Dicentrarchus labrax F: CAGATCTGCCAGTAAACGCC
R: AAAGCCACATGTCTCTCCGA
HCO3− transporters Slc4a1 AM986338.p.dl.5 ($) Dicentrarchus labrax F: TACCAGCATTCAGGGTGTCA
R: TTCCTCAAACACCAGCAGTG
 Mar Biol  (2017) 164:155 
1 3
155  Page 6 of 12
the occurrence of urinary calculi [ANOVAs, F(2,9) = 1.85, 
P = 0.23; F(2,9) = 1, P = 0.42; F(2,9) = 1.21, P = 0.36; 
F(2,9) = 0.06; P = 0.94; F(2,9) = 1.02, P = 0.41; 
F(2,9) = 2.25, P = 0.18, respectively, Table 4].
Gut development
The ratio of one pancreatic enzyme activity in intestinal 
segment to that enzyme activity in whole digestive tract 
is a marker of pancreatic secretion and degree of matura-
tion. These ratios were not different among experimen-
tal conditions for either trypsin or amylase [ANOVAs, 
F(2,27) = 0.02, P = 0.98 and F(2,27) = 0.03, P = 0.96, 
respectively, Table 5].
Table 3  Growth performance, 
measured as body mass (mg) 
and length (mm), and survival 
(%) of the sea bass larvae 
during the rearing at different 
days-post-hatching (dph) in the 
three different experimental 
conditions: control condition 
(PCO2 = 590 µatm, pH 
total = 7.9), low acidification 
condition (LA 7.7, PCO2 = 980 
µatm, pH total = 7.7), and high 
acidification condition (HA 
7.5, PCO2 = 1520 µatm, pH 
total = 7.5)
Mean ± SEM; n is the number of individuals
The different letters indicate significant differences among conditions (α = 0.05)
Age Condition n Mass (mg) Length (mm) n Survival (%)
15 dph Control 30 2.14 ± 0.08
LA 7.7 30 1.98 ± 0.06
HA 7.5 30 1.94 ± 0.06
21 dph Control 30 5.65 ± 0.35
LA 7.7 30 5.31 ± 0.32
HA 7.5 30 6.52 ± 0.34
28 dph Control 30 12.74 ± 1.04 12.40 ± 0.31
LA 7.7 30 9.20 ± 0.93 11.43 ± 0.30
HA 7.5 29 10.29 ± 0.96 11.91 ± 0.31
35 dph Control 30 27.43 ± 1.87 14.87 ± 0.30b
LA 7.7 30 22.64 ± 1.38 13.88 ± 0.23a
HA 7.5 30 26.48 ± 1.11 14.84 ± 0.15b
45 dph Control 90 57.80 ± 1.90b 18.96 ± 0.20b 3 48.56 ± 2.82a
LA 7.7 90 49.88 ± 1.95a 17.94 ± 0.23a 3 61.67 ± 1.78b
HA 7.5 90 63.75 ± 1.91b 19.54 ± 0.19b 3 53.15 ± 1.13a
B 
C 
1 mm
A 
Fig. 1  Representation of the calcification of the double-stained 
45 days-post-hatching larvae according to the three experimental con-
ditions a control condition (PCO2 = 590 µatm, pH total = 7.9); b low 
acidification condition (LA 7.7, PCO2 = 980 µatm, pH total = 7.7); 
c high acidification condition (HA 7.5, PCO2 = 1520 µatm, pH 
total = 7.5). The three individuals are representatives to their experi-
mental conditions in calcification and size. Mineralized bones are in 
red and cartilages components in blue
Control LA 7.7 HA 7.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
1.3
1.4
C
al
cif
ic
at
io
n 
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Fig. 2  Calcification ratio, relative proportion of mineralized bones 
vs. cartilages components, of the 45 days-post-hatching sea bass lar-
vae in the three different experimental conditions: control condition 
(PCO2 = 590 µatm, pH total = 7.9), low acidification condition (LA 
7.7, PCO2 = 980 µatm, pH total = 7.7), and high acidification condi-
tion (HA 7.5, PCO2 = 1520 µatm, pH total = 7.5). Higher values sug-
gest larger proportion of mineralized bones. Mean ± SEM; n = 60 
per experimental conditions. The different letters indicate significant 
differences among conditions (α = 0.05)
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The ratio representing the relative activity of the 
enzymes in the brush border membrane [alkaline phos-
phatase (AP), and aminopeptidase N (AN)] as a percent-
age of the activity of the cytosolic enzyme [leucine–alanine 
peptidase (Leu-Ala)] indicates the developmental status of 
the enterocytes. There were also no significant differences 
among experimental conditions for AP·Leu-Ala−1 and 
AN·Leu-Ala−1 ratios [ANOVAs, F(2,27) = 0.86, P = 0.46 
and F(2,27) = 0.39, P = 0.69, respectively, Table 5].
Response in gene expression
Microarray analysis: After applying the Benjamini–Hoch-
berg-corrected threshold, no significant differences in tran-
scripts levels were observed among fish reared in the dif-
ferent experimental conditions (ANOVAs, P > 0.10) (see 
Supplementary Table 1). The magnitude of the changes 
in gene transcription among conditions ranged from 3.03-
fold under-transcription (with 10 genes having more than a 
2.0-fold under-transcription, including one annotated gene 
involved in protein coding) to 5.76-fold over-transcription 
(with 20 genes having more than a 2.0-fold over-transcrip-
tion including six annotated genes involved in protection 
against oxidative damage, immunity and inflammation 
response).
qPCR analysis: Expression data on the candidate genes 
revealed no difference among larvae from the different 
experimental conditions (Table 6). The transcript levels 
of osteocalcin [used as a marker of ossification process, 
ANOVA, F(2,90) = 1.76, P = 0.25] and CA2 [ANOVA, 
0
5
10
15
20
25
30
Control LA 7.7 HA 7.5
Fr
eq
ue
nc
y 
of
 e
vi
de
nt
 d
ef
or
m
iti
es
 (%
)
Fused vertebrae
Compressed vertebrae
Prominent lower jaw
Retracted lower jaw
Lordosis
c
b
a
Fig. 3  Frequency (%) of macroscopically evident deformities of 
45 days-post-hatching larvae in the three different experimental con-
ditions: control condition (PCO2 = 590 µatm, pH total = 7.9), low 
acidification condition (LA 7.7, PCO2 = 980 µatm, pH total = 7.7), 
and high acidification condition (HA 7.5, PCO2 = 1520 µatm, pH 
total = 7.5). The macroscopically evident deformities encompassed 
deformities of the vertebral column (lordosis), of the mouth (promi-
nent or retracted lower jaw), and vertebral compression or fusion. 
Mean ± SEM. The different letters indicate significant differences 
among conditions (α = 0.05)
Table 4  Frequencies (%) of the internal deformities of light severity 
of the 45 days-post-hatching larvae in the three different experimental 
conditions: control condition (PCO2 = 590 µatm, pH total = 7.9), low 
acidification condition (LA 7.7, PCO2 = 980 µatm, pH total = 7.8), 
and high acidification condition (HA 7.5, PCO2 = 1520 µatm, pH 
total = 7.6). The internal deformities of light severity encompassed 
deformities of the jaw (lower and upper jaw), of the fin (anterior dor-
sal, posterior dorsal, anal and caudal fin) and occurrence of urinary 
calculi
Mean ± SEM; n is the number of individuals
The different letters indicate significant differences among conditions (α = 0.05)
Conditions n Lower jaw 
(%)
Upper jaw 
(%)
Anterior dorsal fin 
(%)
Posterior dorsal fin 
(%)
Anal fin (%) Caudal fin (%) Urinary calculi (%)
Control 3 25.0 ± 5.0b 10.0 ± 2.9 6.7 ± 1.7 40.0 ± 7.6 11.7 ± 1.7 31.7 ± 1.7 8.3 ± 1.7
LA 7.7 3 30.0 ± 5.8b 5.0 ± 2.9 5.0 ± 2.9 41.7 ± 6.0 11.7 ± 6.0 43.3 ± 8.8 3.3 ± 3.3
HA 7.5 3 6.7 ± 4.4a 11.7 ± 1.7 10.0 ± 2.9 53.3 ± 6.0 10.0 ± 2.9 40.0 ± 5.0 13.3 ± 4.4
Table 5  Digestive maturation 
index of the 45 days-post-
hatching larvae in the three 
different experimental 
conditions: control condition 
(PCO2 = 590 µatm, pH 
total = 7.9), low acidification 
condition (LA 7.7, PCO2 = 980 
µatm, pH total = 7.7), and high 
acidification condition (HA 
7.5, PCO2 = 1520 µatm, pH 
total = 7.5)
Index are expressed as percentage of the secretion activity of released pancreatic enzymes (trypsin and 
amylase; percent activity in the intestinal segment related to total activity in the pancreatic and intestinal 
segment), and as relative activity of brush border membrane enzymes (alkaline phosphatase, AP, and amin-
opeptidase N, AN) related to the activity of the cytosolic enzyme (leucine–alanine peptidase, Leu-Ala)
Mean ± SEM; n is the number of individuals
Difference was not significant
Conditions n Trypsin
(%)
Amylase
(%)
Ratio AP·Leu-Ala−1 (×100) Ratio AN·Leu-Ala−1 (×1000)
Control 9 46.79 ± 4.98 86.89 ± 0.99 0.75 ± 0.04 0.77 ± 0.02
LA 7.7 9 45.72 ± 2.95 87.01 ± 1.06 0.70 ± 0.05 0.77 ± 0.04
HA 7.5 9 47.04 ± 4.38 87.47 ± 1.00 0.83 ± 0.07 0.82 ± 0.04
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F(2,90) = 0.06, P = 0.94], CA4 [ANOVA, F(2,90) = 2.71, 
P = 0.14], Slc9a1 [ANOVA, F(2,90) = 1.55, P = 0.29], 
Slc9a3 [ANOVA, F(2,90) = 0.38, P = 0.70], Slc4a4 
[ANOVA, F(2,90) = 2.82, P = 0.14] and Slc4a1 [ANOVA, 
F(2,90) = 1.09, P = 0.39], all used as markers of acid–base 
balance regulation, were not significantly influenced by the 
experimental conditions.
Discussion
The main objective of this study was to investigate, at various 
levels of biological organizations, the response of larval sea 
bass (Dicentrarchus labrax) to ocean acidification. We dem-
onstrated that chronic exposure to predicted levels of ocean 
acidification had a limited influence on the survival and 
growth of the larvae from the low acidification condition. 
The most noticeable effect was an improvement of larvae 
skeletal development (faster mineralization and reduction in 
deformities), under the most severe hypercapnic condition 
tested. No adverse effect of water acidification on the diges-
tive developmental process was observed. At the transcrip-
tomic level, no significant difference among experimental 
treatments was observed in whole larvae, suggesting that the 
molecular pathways (even those involved in skeletogenesis 
or acid–base regulation) were not regulated at this scale. Our 
results therefore suggest that contemporary sea bass larvae 
will not need to mobilize specific defense mechanisms to be 
able to cope with projected ocean acidification conditions.
Chronic exposure to predicted ocean acidification con-
ditions since two dph resulted in limited effects on the 
growth and survival of 45 dph sea bass larvae. Compared 
to previous studies under normocapnic conditions (sur-
vival ~45–68% and mass ~35–45 mg, Darias et al. 2010b; 
Vanderplancke et al. 2015), observed larval survival (49–
62%) and mass (50–64 mg) at 45 dph was high under all 
experimental conditions. Fish from the low acidification 
condition yielded puzzling results as they displayed the 
highest survival rate combined with the lowest growth 
compared to the fish reared under the other conditions. 
The better survival and therefore higher density in the 
low acidification rearing tanks could have lead to den-
sity-dependent effects explaining, at least in part, the 
impaired growth observed (see also Zouiten et al. 2011). 
Nevertheless, our study highlighted overall good survival 
and growth of sea bass larvae under future acidification 
conditions. As the completion of the larval stage is cru-
cial for fish population recruitment (reviewed in Houde 
2008), this is an important observation. In the context of 
predicting the potential repercussions of ocean acidifica-
tion, it is indeed crucial to anticipate the future of fish 
populations that have a current commercial interest.
The limited effect of predicted ocean acidification 
conditions on survival and growth have already been 
reported for both tropical (clownfish, Amphiprion per-
cula, cobia, Rachycentron canadum) and temperate spe-
cies (Baltic cod, Gadus morhua, walleye Pollock, Thera-
gra chalcogramma) (Munday et al. 2009; Bignami et al. 
2013; Frommel et al. 2013; Hurst et al. 2013). However, a 
reduction in survival (−48 to −74%) and growth (−10 to 
−30%) have also been reported in temperate species such 
as the inland silverside (Menidia beryllina), the summer 
flounder, (Paralichthys dentatus), and the Atlantic her-
ring (Clupea harengus) (Baumann et al. 2012; Chambers 
et al. 2014; Frommel et al. 2014). This variability in the 
larval response may be explained partly by inter-species 
difference in larval acidification sensitivity. Another 
explanation may also be the difference in ontogenetic 
stage at which the exposition took place (egg, embryo, 
larvae) as the embryonic stage could be particularly sen-
sitive to acidification, reducing larval survival (Baumann 
et al. 2012). The inconsistency among studies may also 
be explained by differences in experimental approaches, 
in particular in relation to the level (PCO2 from 775 to 
1800 µatm) and duration of acidification exposure (from 
28 to 39 days). It may also be attributable to the origin 
of the parental population (wild vs domesticated) which 
may have experienced different PCO2 conditions. Farmed 
Table 6  Relative transcript levels of genes involved in bones min-
eralization (osteocalcin) and acid–base balance adjustments (CA2, 
CA4, Slc9a1, Slc9a3, Slc4a4, and Slc4a1) from whole sea bass lar-
vae at 45 days-post-hatching in the three different experimental con-
ditions: control condition (PCO2 = 590 µatm, pH total = 7.9), low 
acidification condition (LA 7.7, PCO2 = 980 µatm, pH total = 7.7), 
and high acidification condition (HA 7.5, PCO2 = 1520 µatm, pH 
total = 7.5), using GAPDH as housekeeping gene (relative expres-
sion in arbitrary units)
Mean ± SEM; n is the number of individuals
Difference was not significant
Conditions n Osteocalcin CA2 CA4 Slc9a1 Slc9a3 Slc4a4 Slc4a1
Control 30 1.41 ± 0.11 1.07 ± 0.06 0.96 ± 0.06 1.04 ± 0.04 0.76 ± 0.05 1.17 ± 0.07 0.81 ± 0.06
LA 7.7 30 1.13 ± 0.08 1.10 ± 0.07 1.03 ± 0.09 1.12 ± 0.07 0.87 ± 0.07 1.07 ± 0.07 0.73 ± 0.05
HA 7.5 30 1.36 ± 0.12 1.08 ± 0.07 0.68 ± 0.06 0.89 ± 0.07 0.81 ± 0.06 0.90 ± 0.06 0.82 ± 0.07
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fish are liable to be exposed to hypercapnic conditions 
which can favor resistance to water acidification.
Faster larval skeletal development was observed under 
the most severe acidification condition. Fish are internally 
calcifying organisms, and their capacity to maintain their 
acid–base balance was initially believed to protect them 
from the consequences of environmental acidification. 
Yet, experiments have shown that otolith growth may be 
affected by future acidification conditions. In white sea 
bass (Atractoscion nobilis; Checkley et al. 2009), clown-
fish (Amphiprion percula; Munday et al. 2011b), and 
cobia (Rachycentron canadum; Bignami et al. 2013), oto-
lith length and area have been observed to increase under 
hypercapnia (PCO2 794–1721 µatm). Only one study exam-
ined skeleton development in fish (spiny damselfish Acan-
thochromis polyacanthus) under future ocean acidifica-
tion (PCO2 850 µatm, pH 7.8), and no effect was observed 
(Munday et al. 2011a). In this latter study, although the size 
of specific skeletal elements such as the width and length 
of the fins, spine, and vertebra was measured, no evalua-
tion of the skeleton mineralization status was conducted. 
The present study is thus the first to highlight larval skeletal 
ossification taking place earlier under projected acidifica-
tion conditions.
The mechanisms potentially linking water  CO2 content 
and skeleton mineralization are not clear. It is well known 
that to regulate extracellular and intracellular pH in the face 
of hypercapnia, fish elevate plasma bicarbonate concentra-
tion (Esbaugh et al. 2012; reviewed in Heuer and Grosell 
2014). Following research on the otolith (Checkley et al. 
2009; Munday et al. 2011b), it could be hypothesized that 
the accumulation of bicarbonate in the internal fluids is lia-
ble to favor the mineralization of the skeleton by enhancing 
calcium precipitation on the bone matrix. It has also been 
proposed that additional buffering of tissue pH with non-
bicarbonate ions under acidified conditions could interfere 
with larval skeletal development (Munday et al. 2011a). 
This mechanism still needs to be elucidated. Nonetheless, 
our transcriptomic analyses showed that the expression pat-
tern of osteocalcin, a marker of bone differentiation and 
mineralization (Mazurais et al. 2008; Darias et al. 2010a), 
was not affected by ambient PCO2. This suggests that the 
observed faster skeletogenesis may be an indirect effect of 
internal pH homeostasis, rather than the result of a specific 
calcification regulatory pathway.
The faster mineralization process was accompanied 
with a lower occurrence of skeletal deformities, both 
macroscopically evident and lower jaw deformities. Few 
studies have examined the impact of future ocean acidifi-
cation on the occurrence of larval deformities. However, 
those to have done so have highlighted increased occur-
rence in larval Solea senegalensis (Pimentel et al. 2014) 
and Paralichthys dentatus (Chambers et al. 2014). These 
authors hypothesized that this result could arise from 
water acidification affecting the metamorphosis itself, 
i.e., affecting the migration process of the craniofacial 
region (Chambers et al. 2014). It has also been suggested 
that these deformities could, in part, be linked to the rear-
ing conditions (Pimentel et al. 2014). Intensive rearing, 
stress, or inappropriate tank hydrodynamism has indeed 
been associated with increased occurrence of deformi-
ties (Boglione et al. 2013). A number of studies have also 
reported that the occurrence of skeletal deformities could 
be linked to growth rate. The temperature-driven increase 
in larval growth rate has been associated with morphologi-
cal deformities during fish development (Georgakopoulou 
et al. 2010). In the present case, the reduction in the occur-
rence of deformities observed in fish from the most severe 
acidification condition cannot be attributed to differences 
in growth rate as these fish displayed similar growth than 
the control fish. As the skeletal shape of larvae is critical 
for their swimming capacities, ability to disperse or feed 
and, ultimately, for their survival (Koumoundouros et al. 
2001; Boglione et al. 2013), our results suggest that some 
beneficial repercussions on the larval recruitment could be 
expected for sea bass in future conditions.
Based on several indices of maturation of the digestive 
tract, at both the pancreatic and intestinal levels, the pre-
sent study did not reveal adverse effects of acidification on 
the digestive developmental process. Studies that examined 
larval development through the maturation of this specific 
function are still scarce and only one used similar prox-
ies to ours (Pimentel et al. 2015). These authors reported 
normal ontogenetic development under acidification condi-
tions (PCO2: 1600 µatm, pH 7.5), even if a general decrease 
in enzymatic activities was observed. These maturation 
proxies are good indicators of possible repercussions on 
the juvenile and adult digestive function (reviewed in Zam-
bonino-Infante and Cahu 2001). The absence of difference 
among experimental conditions suggests that the sea bass 
larvae follow a normal development reaching normal juve-
nile and adult mode of digestion.
Using a transcriptomic integrative approach, we inves-
tigated a wide range of physiological processes potentially 
regulated following exposure to future acidification condi-
tions. Contrary to our expectation, experimental data did 
not reveal any significant difference among the conditions. 
This result suggests that if some physiological regulations 
occurred in response to the environmental conditions, in par-
ticular those related to internal acid–base balance, they did 
not translate into changes at the global transcriptomic level. 
Accordingly, a previous study on Atlantic herring (Clupea 
harengus) found that the proteome was also resilient to 
future PCO2 conditions (1800 µatm, Maneja et al. 2014). 
Integrative transcriptomic analyses on calcifying organisms 
revealed an up-regulation of genes involved in ions transport 
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and  CO2 hydration, likely to facilitate acid–base compen-
sation (Evans et al. 2013; Padilla-Gamino et al. 2013). To 
address more specifically the acid–base response in fish, 
several genes (CA2, CA4, Slc9a1, Slc9a3, Slc4a4, Slc4a1) 
involved in acid–base homeostasis (Tseng et al. 2013; 
reviewed in Heuer and Grosell 2014) were investigated 
using qPCR. This analysis was consistent with the integra-
tive approach as it did not reveal difference in gene expres-
sion among experimental conditions. However, it should be 
noted that the entire larvae was used for the RNA extraction 
and that this may hide tissue-specific responses to acidifica-
tion. Another possibility could be that the regulation needed 
to face future conditions might have occurred before the 45 
dph, as mRNA abundance can be very dynamic in develop-
ing organisms (reviewed in Mazurais et al. 2011). By that 
time, the regulatory processes and protein abundance may 
have reached equilibrium.
The absence of regulation of the genes involved in 
acid–base homeostasis contradicts previous results that 
suggested ocean acidification has an impact on these regu-
latory processes (Tseng et al. 2013; reviewed in Heuer and 
Grosell 2014). When acutely exposed to ocean acidifica-
tion (hours to few days), it has been reported that teleost 
larvae maintain their internal acid–base balance through 
regulatory processes which involve the combined action 
of co-transporters at the gills  (NA+/H+ exchanger,  NA+/
HCO3− co-transporter,  HCO3− transporter) as well as 
bicarbonate uptake (reviewed in Melzner et al. 2009; 
Esbaugh et al. 2012; Heuer and Grosell 2014). In the pre-
sent study, after 45 days of exposure, the genes involved in 
ions co-transport were not differentially expressed among 
the conditions. This result suggests that the 45 dph larvae 
have been able to cope with the future conditions without 
having to rely on regulatory processes at that time. One 
explanation could be that the adjustments required were 
under the triggering threshold of gene expression regula-
tion. The activity of protein and transporters currently 
involved in acid–base homeostasis of the larvae could be 
sufficient to reach the adjustment need of the projected 
acidification levels.
The tolerance of sea bass larvae to projected levels 
of ocean acidification may be partially explained by the 
wide range of habitats this species occupies during its 
life cycle. The European sea bass has a large distribution 
area and inhabits a broad range of habitats from offshore 
(as larvae) to inshore nurseries to coastal zones as adult 
(Jennings and Pawson 1992). Young sea bass experi-
ence strong environmental fluctuations that characterize 
coastal environments, such as wide qualitative and quan-
titative fluctuations in food supply, salinity, dissolved 
oxygen, and even PCO2 and pH due to water hydrodyna-
mism and eutrophication (Cai et al. 2011; Mauduit et al. 
2016). The use of such fluctuating habitats may constitute 
a factor that permitted the evolution of plasticity of sea 
bass larvae (Melzner et al. 2009; Bignami et al. 2013; 
Tseng et al. 2013). This broad range of conditions may 
have contributed to enlarge the physiological toolbox of 
the sea bass, allowing the larvae to better cope with envi-
ronmental constraints including hypercapnia and related 
water acidification. Fish species adapted to less variable 
conditions in their natural environments may be more 
sensitive to PCO2 constraints (reviewed in Pörtner et al. 
2004; Munday et al. 2008; Melzner et al. 2009). Con-
sidering the rate of ocean acidification, fish species that 
already possess such adaptive physiological toolbox may 
have better chance to prosper.
The present study examined several physiological 
parameters linked to larvae survival, growth, and devel-
opment and implemented analytical approaches with 
and without a priori hypotheses. It revealed that sea bass 
larvae can cope with acidification scenarios predicted to 
occur within the next century. However, this does not 
exclude the possibility that other effects, not measured 
or detected at the larval stage, could be revealed at later 
life stages, or even across generations. Previous studies 
have already reported that exposure to hypoxia during 
early life stage can have long-lasting effects in sea bass 
(Vanderplancke et al. 2015) as well as transgenerational 
effects in zebrafish, Danio rerio (Ho and Burggren 2012). 
Additional research on the long-term and transgenera-
tional effect of ocean acidification could be highly valu-
able to better understand the global effect of ocean acidi-
fication on populations. Moreover, global climate change 
has to be considered as a multidimensional issue. Inter-
actions between increased PCO2 and other environmental 
factors such as water temperature or hypoxia levels are 
expected and could be even more challenging through 
synergetic effects that could exceed the functional thresh-
olds of key physiological processes. Further investiga-
tions on the interactive effect of different stressors should 
therefore be promoted.
Acknowledgements The authors would like to thank B. Simon, M. 
L. Quille, the team of the Laboratoire de Génétique Moléculaire et 
d’Histocompatibilité (Brest, France), V. Quillien, and M. Aubry for 
their help with microarray hybridization and data analysis. In addi-
tion, the authors would like to thank N. Lamande, F. Salvetat, C. Le 
Bihan, and F. Caradec for their help with the water chemistry sam-
pling and data analysis. This work was supported by Region Bretagne 
(SAD-PERPHYMO), the “Laboratoire d’Excellence” LabexMER 
(ANR-10-LABX-19), co-funded by a grant from the French govern-
ment under the program “Investissements d’Avenir,” by the Society 
for Experimental Biology (SEB), and by The Company of Biologists 
(COB).
Compliance with ethical standards 
Conflict of interest The authors declare that they have no conflict of 
interest.
Mar Biol  (2017) 164:155  
1 3
Page 11 of 12  155 
Ethical approval All applicable international, national, and/or insti-
tutional guidelines for the care and use of animals were followed.
Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://crea-
tivecommons.org/licenses/by/4.0/), which permits unrestricted use, 
distribution, and reproduction in any medium, provided you give 
appropriate credit to the original author(s) and the source, provide a 
link to the Creative Commons license, and indicate if changes were 
made.
References
Aminot A, Kerouel R, Coverly S (2009) Nutrients in seawater using 
segmented flow analysis practical guidelines for the analysis of 
seawater. CRC Press, Boca Raton, pp 143–178
Baumann H, Talmage SC, Gobler CJ (2012) Reduced early life growth 
and survival in a fish in direct response to increased carbon diox-
ide. Nat Clim Change 2:38–41. doi:10.1038/Nclimate1291
Bessey OA, Lowry OH, Brock MJ (1946) Rapid caloric method for 
determination of alkaline phosphatase in five cubic millimeters 
of serum. J Biol Chem 164:321–329
Bignami S, Sponaugle S, Cowen RK (2013) Response to ocean 
acidification in larvae of a large tropical marine fish, Rachycen-
tron canadum. Glob Change Biol 19:996–1006. doi:10.1111/
gcb.12133
Boglione C, Gisbert E, Gavaia P, Witten PE, Moren M, Fonta-
gné S, Koumoundouros G (2013) Skeletal anomalies in reared 
European fish larvae and juveniles. Part 2: main typologies, 
occurences and causative factors. Rev Aquac 5:S121–S167. 
doi:10.1111/raq.12016
Bradford MM (1976) A rapid and sensitive method for the quantita-
tion of microgram quantities of protein utilizing the principle of 
protein dye binding. Anal Biochem 72:248–254
Cahu C, Zambonino-Infante JL (1994) Early weaning of sea bass 
Dicentrarchus labrax larvae with a compound diet, effect on 
digestive enzymes. Comp Biochem Physiol 109:213–222. 
doi:10.1016/0300-9629(94)90123-6
Cai WJ, Hu X, Huang WJ, Murrell MC, Lehrter JC, Lohrenz SE, 
Chou WC, Zhai W, Hollibaugh JT, Wang Y (2011) Acidification 
of subsurface coastal waters enhanced by eutrophication. Nat 
Geosci 4:766–770. doi:10.1038/ngeo1297
Caldeira K, Wickett ME (2005) Ocean model predictions of chemistry 
changes from carbon dioxide emissions to the atmosphere and 
ocean. J Geophys Res 110:C09S04. doi:10.1029/2004JC002671
Chambers RC, Candelmo AC, Habeck EA, Poach ME, Wieczorek D, 
Cooper KR, Greenfield CE, Phelan BA (2014) Effects of ele-
vated  CO2 in the early life stages of summer flounder, Paralich-
thys dentatus, and potential consequences of ocean acidification. 
Biogeosciences 11:1613–1626. doi:10.5194/bg-11-1613-2014
Checkley DM, Dickson AG, Takahashi M, Radich JA, Eisenkolb N, 
Asch R (2009) Elevated  CO2 enhances otolith growth in young 
fish. Science 324:1683. doi:10.1126/science.1169806
Crane RK, Boge G, Rigal A (1979) Isolation of brush border mem-
branes in vesicular form from the intestinal spiral valve of the 
small dogfish (Scyliorhinus canicula). Biochim Biophys Acta 
554:264–267
Darias MJ, Lan Chow Wing O, Cahu C, Zambonino-Infante JL, 
Mazurais D (2010a) Double staining protocol for develop-
ing European sea bass (Dicentrarchus labrax). J Appl Ichthyol 
26:280–285. doi:10.1111/j.1439-0426.2010.01421.x
Darias MJ, Mazurais D, Koumoundouros G, Glynatsi N, Chris-
todoulopoulou S, Huelvan C, Desbruyères E, Le Gall MM, 
Quazugel P, Cahu C, Zambonino-Infante JL (2010b) Dietary 
vitamin D3 affects digestive system ontogenesis and ossi-
fication in European sea bass (Dicentrachus labrax, Lin-
naeus, 1758). Aquaculture 298:300–307. doi:10.1016/j.
aquaculture.2009.11.002
Dickson AG, Sabine CL, Christian JR (2007) Guide to best practices 
for ocean  CO2 measurments. PICES Spec Publ 3:191
Esbaugh AJ, Heuer R, Grosell M (2012) Impacts of ocean acidifi-
cation on respiratory gas exchange and acid-base balance in a 
marine teleost, Opsanus beta. J Comp Physiol B 182:921–934. 
doi:10.1007/s00360-012-0668-5
Evans TG, Chan F, Menge BA, Hofmann GE (2013) Transcriptomic 
responses to ocean acidification in larval sea urchins from a 
naturally variable pH environment. Mol Ecol 22:1609–1625. 
doi:10.1111/mec.12188
Forsgren E, Dupont S, Jutfelt F, Amundsen T (2013) Elevated  CO2 
affects embryonic development and larval photoaxis in a tem-
perate marine fish. Ecol Evol 3:3637–3646. doi:10.1002/
Ece3.709
Frommel AY, Schubert A, Piatkowski U, Clemmensen C (2013) Egg 
and early larval stages of Baltic cod, Gadus morhua, are robust 
to high levels of ocean acidification. Mar Biol 160:1825–1834. 
doi:10.1007/s00227-011-1876-3
Frommel AY, Maneja R, Lowe D, Pascoe CK, Geffen AJ, Folkvord 
A, Piatkowski U, Clemmensen C (2014) Organ damage in Atlan-
tic herring larvae as a result of ocean acidification. Ecol Appl 
24:1131–1143. doi:10.1890/13-0297.1
Georgakopoulou E, Katharios P, Divanach P, Koumoundouros G 
(2010) Effect of temperature on the development of skel-
etal deformities in gilthead seabream (Sparus aurata Lin-
naeus, 1758). Aquaculture 308:13–19. doi:10.1016/j.
aquaculture.2010.08.006
Heuer RM, Grosell M (2014) Physiological impacts of elevated 
carbon dioxide and ocean acidification on fish. Am J Physiol 
Regul Integr Comp Physiol 307:R1061–R1084. doi:10.1152/
ajpregu.00064.2014
Ho DH, Burggren W (2012) Parental hypoxic exposure confers off-
spring hypoxia resistance in zebrafish (Danio rerio). J Exp Biol 
215:4208–4216. doi:10.1242/jeb.074781
Holm H, Hanssen LE, Krogdahl A, Florholmen J (1988) High and 
low inhibitor soybean meals affect human duodenal proteinase 
activity differently, in vivo comparison with bovine serum albu-
min. J Nutr 118:515–520
Houde ED (2008) Emerging from Hjort’s shadow. J Northwest Atl 
Fish Sci 41:53–70. doi:10.2960/J.v41.m634
Hurst TP, Fernandez ER, Mathis JT (2013) Effects of ocean acidifica-
tion on hatch size and larval growth of walleye pollock (Ther-
agre chalcogramma). ICES J Mar Sci 70:812–822. doi:10.1093/
icesjms/fst053
Intergovernmental Panel on Climate Change I (2014) Climate change 
2014: Synthesis Report. In: Pachauri RK, Meyer LA (eds) Core 
Writing Team. Contribution of working groups I, II and III to the 
fifth assessment report of the intergovernmental panel on climate 
change. IPCC, Geneva, Switzerland, p 151
Ishimatsu A, Hayashi M, Kikkawa T (2008) Fishes in high  CO2, 
acidified ocean. Mar Ecol Prog Ser 373:295–302. doi:10.3354/
meps07823
Jennings S, Pawson MG (1992) The origin and recruitment of bass, 
Dicentrarchus labrax, larvea to nursery araes. J Mar Biol Assoc 
UK 72:199–212. doi:10.1017/S0025315400048888
Koumoundouros G, Divanach P, Kentouri M (2001) Osteological 
development of Dentex dentex (Osteichthyes: Sparidae): dor-
sal, anal, paired fins and squamation. Mar Biol 138:399–406. 
doi:10.1007/s002270000460
Kroeker KJ, Kordas RL, Crim RN, Singh GG (2010) Meta-
analysis reveals negative yet variable effects of ocean 
 Mar Biol  (2017) 164:155 
1 3
155  Page 12 of 12
acidification on marine organisms. Ecol Lett 13:1419–1434. 
doi:10.1111/j.1461-0248.2010.01518.x
Lein JB, Stein GS (1995) Development of the osteoblast phenotype, 
molecular mechanisms mediating osteoblast growth and differ-
entiation. Iowa Orthop J 15:118–140
Lewis E, Wallace DWR (1998) Program developed for  CO2 system 
calculations., ORNL/CDIAC-105. Carbon Dioxide Information 
Analysis Center, Oak Ridge National Laboratory, US Depart-
ment of Energy, Oak Ridge
Lüthi D, Le Floch M, Bereiter B, Blunier T, Barnola JM, Siegent-
haler U, Raynaud D, Jouzel J, Fischer H, Kawamura K, Stocker 
TF (2008) High-resolution carbon dioxide concentration record 
650,000–800,000 years before present. Nature 453:379–382. 
doi:10.1038/nature06949
Maneja RH, Dineshram R, Thiyagarajan V, Skiftesvik AB, Frommel 
AY, Clemmensen C, Geffen AJ, Browman HI (2014) The pro-
teome of Atlantic herring (Clupea harengus L.) larvae is resistant 
to elevated pCO2. Mar Pollut Bull 86:154–160. doi:10.1016/j.
marpolbul.2014.07.030
Maroux S, Louvard D, Baratti J (1973) The aminopeptidase from 
hog-intestinal brush border. Biochim Biophys Acta 321:282–295
Mauduit F, Domenici P, Farrell AP, Lacroix C, Le Floch S, Lemaire 
P, Nicolas-Kopec A, Whittington M, Zambonino-Infante JL, 
Claireaux G (2016) Assessing chronic fish health: an application 
to a case of an acute exposure to chemically treated crude oil. 
Aquat Toxicol 178:197–208. doi:10.1016/j.aquatox.2016.07.019
Mazurais D, Darias MJ, Gouillou-Coustants MF, Le Gall MM, Huel-
van C, Desbruyères E, Quazugel P, Cahu C, Zambonino-Infante 
JL (2008) Dietary vitamin mix levels influence the ossification 
process in European sea bass (Dicentrarchus labrax) larvae. 
Am J Physiol Regul Integr Comp Physiol 294:R520–R527. 
doi:10.1152/ajpregu.00659.2007
Mazurais D, Darias M, Zambonino-Infante JL, Cahu CL (2011) Tran-
scriptomics for understanding marine fish larval development. 
Can J Zool 89:599–611. doi:10.1139/Z11-036
Mehrbach C, Culberson CH, Hawley JE, Pytkowicx RM (1973) 
Measurement of the apparent dissociation constants of carbonic 
acid in seawater at atmospheric pressure. Limnol Oceanogr 
18:897–907
Melzner F, Gutowska MA, Langenbuch M, Dupont S, Lucassen M, 
Thorndyke MC, Bleich M, Portner HO (2009) Physiological 
basis for high  CO2 tolerance in marine ectothermic animals: 
pre-adaptation through lifestyle and ontogeny? Biogeosciences 
6:2313–2331. doi:10.5194/bg-6-2313-2009
Métais P, Bieth J (1968) Détermination de l’α-amylase par une micro-
technique. Ann Biol Clin 26:133–142
Munday PL, Jones GP, Pratchett MS, Williams AJ (2008) Climate 
change and the future for coral reef fishes. Fish Fish 9:261–285. 
doi:10.1111/j.1467-2979.2008.00281.x
Munday PL, Donelson JM, Dixson DL, Endo GGK (2009) Effects 
of ocean acidification on the early life history of a tropical 
marine fish. Proc R Soc B Biol Sci 276:3275–3293. doi:10.1098/
rspb.2009.0784
Munday PL, Gagliano M, Donelson JM, Dixson DL, Thorrold SR 
(2011a) Ocean acidification does not affect the early life his-
tory development of a tropical marine fish. Mar Ecol Prog Ser 
423:211–221. doi:10.3354/meps08990
Munday PL, Hernaman V, Dixson DL, Thorrold SR (2011b) Effect 
of ocean acidification on otolith development in larvae of tropi-
cal marine fish. Biogeosciences 8:1631–1641. doi:10.5194/
bg-8-1631-2011
Nebel C, Nègre-Sadargues G, Blasco C, Charmantier G (2005) Mor-
phofunctional ontogeny of the urinary system of the European 
sea bass Dicentrarchus labrax. Anat Embryol 209:193–206. 
doi:10.1007/s00429-004-0438-6
Nicholson JA, Kim YS (1975) A one-step l-amino acid oxidase assay 
for intestinal peptide hydrolase activity. Anal Biochem 63:110–117
Orr JC, Fabry VJ, Aumont O, Bopp L, Doney SC, Feely RA, Gnana-
desikan A, Gruber N, Ishida A, Joos F, Key RM, Lindsay K, Maier-
Reimer E, Matear R, Monfray P, Mouchet A, Najjar RG, Plattner 
GK, Rodgers KB, Sabine CL, Sarmiento JL, Schlitzer R, Slater 
RD, Totterdell IJ, Weirig MF, Yamanaka Y, Yool A (2005) Anthro-
pogenic ocean acidification over the twenty-first century and its 
impact on calcifying organisms. Nature 437:681–686. doi:10.1038/
Nature04095
Padilla-Gamino JL, Kelly MW, Evans TG, Hofmann GE (2013) Tem-
perature and  CO2 additively regulate physiology, morphology and 
genomic responses of larval sea urchins, Strongylocentrotus purpu-
ratus. Proc R Soc B 280:20130155. doi:10.1098/rspb.2013.0155
Padros F, Villalta M, Gisbert E, Estévez A (2011) Morphological and 
histological study of larval development of the Senegal sole 
Solea senegalensis: an integrative study. J Fish Biol 79:3–32. 
doi:10.1111/j.1095-8649.2011.02942.x
Pimentel MS, Faleiro F, Dionisio G, Repolho T, Pousao-Ferreira P, 
Machado J, Rosa R (2014) Defective skeletogenesis and oversized 
otoliths in fish early stages in a changing environment. J Exp Biol 
217:2062–2070. doi:10.1242/jeb.092635
Pimentel MS, Faleiro F, Diniz M, Machado J, Pousao-Ferreira P, Peck 
MA, Pörtner HO, Rosa R (2015) Oxidative stress and digestive 
enzyme activity of flatfish larvae in a changing ocean. PLoS One 
10:e0134082. doi:10.1371/journal.pone.0134082
Pörtner HO, Langenbuch M, Reipschlager A (2004) Biological impact 
of elevated ocean  CO2 concentrations: lessons from animal physi-
ology and earth history. J Oceanogr 60:705–718. doi:10.1007/
s10872-004-5763-0
Quinn GP, Keough MJ (2002) Experimental design and data analysis for 
biologists. Cambridge University Press, Cambridge
Schunter C, Welch MJ, Ryu T, Zhang H, Berumen ML, Nilsson GE, 
Munday PL, Ravasi T (2016) Molecular signatures of transgenera-
tional response to ocean acidification in a species of reef fish. Nat 
Clim Change. doi:10.1038/NCLIMATE3087
Tseng Y-C, Hu MY, Stumpp M, Lin L-Y, Melzner F, Hwang P-P (2013) 
 CO2-driven seawater acidification differentially affects develop-
ment and molecular plasticity along life history of fish (Oryzias 
latipes). Comp Biochem Physiol 165:119–130. doi:10.1016/j.
cbpa.2013.02.005
Vanderplancke G, Claireaux G, Quazuguel P, Madec L, Ferraresso S, 
Sévère A, Zambonino-Infante JL, Mazurais D (2015) Hypoxic 
episode during larval period has long-term effects on European 
sea bass juveniles (Dicentrarchus labrax). Mar Biol 162:367–376. 
doi:10.1007/s00227-014-2601-9
Varsamos S, Diaz JP, Charmantier G, Blasco C, Connes R, Flik G (2002) 
Location and morphology of chloride cells during the post-embry-
onic development of the european sea bass, Dicentrarchus labrax. 
Anat Embryol 205:203–213. doi:10.1007/s00429-002-0231-3
Varsamos S, Nebel C, Charmantier G (2005) Ontogeny of osmoregu-
lation in postembryonic fish: a review. Comp Biochem Phys A 
141:401–429. doi:10.1016/j.cbpb.2005.01.013
Zambonino-Infante JL, Cahu CL (2001) Ontogeny of the gastrointesti-
nal tract of marine fish larvae. Comp Biochem Phys C 130:477–
487. doi:10.1016/S1532-0456(01)00274-5
Zambonino-Infante JL, Cahu C, Péres A (1997) Partial substitution of 
di- and tripeptides for native proteins in sea bass diet improves 
Dicentrarchus labrax larval development. J Nutr 127:608–614
Zouiten D, Khemis IB, Masmoudi AS, Huelvan C, Cahu C (2011) 
Comparison of growth, digestive system maturation and 
skeletal development in sea bass larvae reared in an inten-
sive or a mesococm system. Aquac Res 42:1723–1736. 
doi:10.1111/j.1365-2109.2010.02773.x
